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A B S T R A C T   

The advent of 3D printing has revolutionized conventional construction, offering cost-effective and fast con-
struction of complex structures. Nevertheless, there remain challenges to be addressed regarding the effective 
integration of functional additives into 3D printing construction materials. Herein, we present a straightforward 
and environmentally friendly approach to promote sustainable buildings while reducing energy consumption. 
This is achieved by integrating Macroencapsulated Phase Change Materials (MEPCM) into a 3D printable geo-
polymer paste (GPP) derived from fly ashes. The research followed a systematic methodology, encompassing the 
assessment of fresh and hardened properties of geopolymer pastes with varying amounts of MEPCM, analyzing 
their thermal properties, and investigating the thermal performance by printing miniature houses without and 
with 20 vol% MEPCM. Notably, MEPCM demonstrated its dual functionality as a thermal energy management 
component and a viscosity modifier for 3D printable geopolymer paste. Overall, this study paves an innovative 
path toward sustainable construction, highlighting the significance of energy efficiency and waste reduction.   

1. Introduction 

The increasing world population, economic growth, and industrial-
ization have resulted in higher global energy demand (Singh et al., 
2021). Carbon-based fossil fuel plays a big role in the worldwide energy 
supply and is the primary cause of global climate change and air 
pollution (Anisur et al., 2013; Shchukina et al., 2018). The buildings 
currently account for about 40% of global energy consumption and 
~40% of CO2 emissions (Du et al., 2021; Iten and Liu, 2014). Given that 
~60% of building energy consumption accounts for heating and cooling 
systems, alternative approaches to regulating the temperature of 
buildings without auxiliary energy input are a strategic target for sus-
tainable global development, particularly in thermal energy manage-
ment and carbon footprint (Kasaeian et al., 2017). In recent years, there 
has been significant progress in utilizing phase change materials (PCMs) 
for thermal energy storage (TES) in order to enhance energy perfor-
mance in various applications. These applications include photovoltaic 
(PV) panels, solar energy systems for hot water generation, heat 

exchangers, parabolic dish systems, thermo-electric generators, building 
walls, and more. (Ahmed et al., 2022; Jurčević et al., 2022; Palmer et al., 
2023; Senthil et al., 2022). In buildings, PCMs can reduce reliance on 
mechanically assisted heating and cooling systems like heating, venti-
lation, and air conditioning (HVAC). By leveraging the thermal energy 
storage capabilities of PCMs, buildings can effectively regulate tem-
perature and reduce the need for excessive use of HVAC, resulting in 
saving energy and improving overall efficiency (Chang et al., 2023; 
Milián et al., 2017). To put it simply, PCMs can reversibly store and 
release significant thermal energy in the form of latent heat during the 
melting and solidification phase transition in small temperature in-
tervals (Akhiani et al., 2022; Han et al., 2022; Mehrali et al., 2013; Yan 
et al., 2022; Zhang et al., 2022, 2023). Different techniques are rec-
ommended to integrate PCMs into the construction building materials, 
including direct incorporation, shape-stabilizing, or micro- 
encapsulation (Wahid et al., 2017). Although direct incorporation and 
shape-stabilizing PCMs have lower operating costs, they suffer from 
drawbacks such as leakage into the environment and losing their ability 
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after a few cycles (Rao et al., 2018). A common approach to address 
these issues is to use microencapsulated phase change materials 
(MEPCM) (Dehmous et al., 2021; Erdem and Gürbüz, 2019; Latibari 
et al., 2015). The MEPCM method has the privilege of engulfing small 
solid or liquid particles with a solid shell, which prevents the leakage of 
PCMs from their location, reduces the interference toward phase-change 
behaviors from building materials, and increases the heat-transfer area 
(Al-Absi et al., 2022; Tyagi et al., 2016; Tyagi and Buddhi, 2007). These 
properties make MEPCM ideal for use as a TES system in building sectors 
(Cabeza et al., 2007; Lucas et al., 2013). 

Conventional techniques for constructing building structures also 
need to be reshaped to achieve more energy reduction and provide 
flexibility to create complex geometries, such as the non-load bearing 
structures of buildings, allowing for PCMs to incorporate into indoor 
building structures (Lowke et al., 2018). To achieve this grand goal, 
auspiciously, the convergence of revolutionary three-dimensional (3D) 
printing technologies and construction materials change over the past 
decade has gradually brought a new sustainable scenario to replace the 
traditional building and construction processes (Ma et al., 2021). Among 
different 3D printing methods, extrusion-based 3D printing is the most 
affordable and widely adopted in the construction industry due to its low 
cost, user-friendly, and capability to tailor cement ink composition (Li 
et al., 2020). To achieve the best possible cement ink composition for use 
in extrusion-based 3D printing, flowability, extrudability, buildability, 
and open time, along with hardened properties, are crucial points that 
must be taken into consideration (Paul et al., 2018). Although Portland 
cement-based inks are one of the most remarkable and versatile in the 
3D printing construction industry, they suffer from a negative environ-
mental impact due to the process CO2 emissions associated with pro-
duction (Zhuang et al., 2016). One way to remedy this issue is to use and 
develop geopolymer-based cement, which also has additional features 
like slight drying shrinkage, high fire resistance, and superior acid 
resistance (Rifaai et al., 2019). In simple terms, geopolymer-based 
cement is produced through the alkaline activation of amorphous 
aluminosilicate materials in fly ash or bio ash (Pilehvar et al., 2019a; 
Singh et al., 2019). Since fly ash or bio ash are cheap and readily 
available industrial waste materials, for this reason, such waste 
materials-based geopolymers can considerably reduce CO2 emissions in 
the construction industry and can be more affordable than Portland 
cement (Brooks et al., 2022; Cui et al., 2022a; Hao et al., 2022; Liu et al., 
2022; Shahzad et al., 2021). 

In this study, we have taken a novel approach to tackle the afore-
mentioned limitations and offer sustainable/green buildings that 
consume less energy. Our method involves incorporating MEPCM into a 
3D printable geopolymer matrix, which is derived from fly ashes. We 
have developed a straightforward, environmentally friendly, and cost- 
effective procedure to achieve this integration. 

In pursuit of our objective, we diligently followed a step-by-step 
approach, which encompassed the following procedures:  

i. Assessing the fresh properties of the geopolymers paste with 
different amounts of MEPCM, thoroughly examining its charac-
teristics in its initial state. 

ii. Evaluating the hardened properties of the 3D-printed geo-
polymers, including an analysis of their morphology, mechanical 
properties, and comprehensive material characterization.  

iii. Conducting thermal analysis on geopolymer pastes with varying 
quantities of MEPCM.  

iv. Investigating the thermal performance of geopolymer pastes by 
printing two miniature houses based on geopolymer without and 
with the highest proportion of MEPCM in terms of indoor and 
surface temperatures in simulated conditions. 

By meticulously executing each of these steps, we were able to 
comprehensively analyze the geopolymer matrix and its incorporation 
of MEPCM, thereby advancing our understanding of the material’s 

properties and thermal behavior. Furthermore, our findings reveal that 
MEPCM serves a significant function as a viscosity modifier for 3D 
printable geopolymer paste (GPP), in addition to its thermal energy 
management properties. Notably, this study shows that the harsh con-
dition of geopolymerization due to its high pH does not affect the per-
formance and structure of MEPCM. In summary, this study contributes 
to the advancement of 3D printing construction by introducing a new 
dimension, while simultaneously paving the way for sustainable build-
ings. By reducing energy consumption and the use of waste materials, 
our work offers promising opportunities in the field of sustainable 
construction. 

2. Materials and methods 

2.1. Materials 

2.1.1. Fly ash 
Class F fly ash (FA) from HOFOR Amagerværket was utilized to 

prepare geopolymer paste. FA chemical composition was determined by 
S8 Tiger 3 KW X-ray Fluorescence (XRF) which is demonstrated in 
Fig. 1a. FA particle size distribution was determined using a Malvern 
3000 laser diffraction particle size analyzer as shown in Fig. 1b. 

2.1.2. Activation solution 
The activation solution was obtained by mixing sodium hydroxide 

pellet (purchased from INOVYN) and water to get an 8M solution before 
adding to the sodium silicate solution (consisting of 7.8–8.2 wt% SiO2 
and 26.6–27.0 wt% Na2O) which was purchased from S.Sørensen-This-
ted. The weight ratio of sodium silicate solution to sodium hydroxide 
solution for all mixtures was 15:2 (Ranjbar et al., 2021). 

2.1.3. Encapsulated PCM 
In this study, a slurry commercial microencapsulated PCM (Mikro-

CapsPCM25-slurry) was utilized. This MEPCM consists of paraffin wax 
as the core and Melamine-formaldehyde as the shell and its TGA (TA 
TGA Q500 Thermogravimetric analyzer (USA)) and DTG analysis is 
shown in Fig. 1e. Based on the data provided by the supplier, MEPCM 
also has a particle size in the range of 1–20 μm, as its SEM image conveys 
(Fig. 1f). MEPCM melting point and latent heats were ~19.8 ◦C and 
~139.2 J/g, respectively, which were obtained using a TA DSC Q200 
Differential Scanning Calorimeter (DSC, USA) (Table 2). 

2.2. Mixing and printing procedures 

As presented in Fig. 2, in the first step, a certain amount of MEPCM 
slurry with additional water and fly ash was mixed and dried at room 
temperature to obtain GPP with 30 vol% MEPCM (FA-30%MEPCM) 
powder. Then, five different compositions of mixtures (0, 5, 10, 15, and 
20% volumetric MEPCM) were prepared by adjusting and mixing (10 
min) a certain amount of FA and FA-30%MEPCM. Finally, an alkaline 
activator was added to those powders and after 5 min of mixing, 
different geopolymer pastes (GPP) were obtained. The ratio of the 
activator solution to raw FA for all mixtures was 0.6 (Table 1). 

To print GPPs, an HYREL 3D printer with an SR motor, equipped 
with a piston cartridge with a capacity of 60 ml and various nozzles, was 
utilized by operating with Repetrel software. For Printing different 
patterns, GPP-20% was considered to show the printability of this mixed 
design with 1.5, 1.6-, and 4.5 mm nozzles. To produce samples proper 
for mechanical tests and other analyses, a rectangular nozzle (20 × 4 
mm) was used to extrude the multilayer beams. 

Firstly, each mixture, after 5 min of mixing, was transported into a 
syringe. Each specimen with six layers had a 90 mm length and 20 mm 
height and was constantly printed with the 300 mm/min travel speed. In 
this study, all mixed designs were printed 20 min after the first printable 
time. Fig. 2 briefly demonstrates the mixing and printing procedures of 
specimens. 
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2.3. Material characterization methods 

2.3.1. Fourier transform infrared (FT-IR) spectroscopy 
FT-IR spectroscopy test was conducted to observe the chemical 

compatibility of MEPCM with GPP. Accordingly, attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR) on a PerkinElmer 
Spectrum 100 FTIR spectrometer was performed in the frequency range 
of 4000–600 cm− 1 at a resolution of 4 cm− 1 and 16 scans per sample. 

2.3.2. Thermal conductivity 
The printed GPP beams’ thermal conductivity was tested using the 

hot wire method with a KD2 Pro thermal properties analyzer (Decagon 
Devices, SH-1 probe, USA) at room temperature (25 ◦C). 

2.3.3. X-ray diffraction analysis (XRD) 
Qualitative phase analysis of materials was measured using X-ray 

Fig. 2. Mixing and printing procedures of various GPPs.  

Table 1 
Mixture design of different GPPs with the ratio of 0.6 for activation solution to raw FA.  

Composition Name FA-30%MEPCM (g) Fly ash (g) Activation solution (g) 

0% volume MEPCM GPP-0% 0 75 45 
5% volume MEPCM GPP-5% 12.5 62.5 43.9 
10% volume MEPCM GPP-10% 25 50 42.7 
15% volume MEPCM GPP-15% 37.5 37.5 41.6 
20% volume MEPCM GPP-20% 50 25 40.5  

Fig. 1. a) Chemical composition of the FA in this study, b) Particle size distribution of the raw FA, c) SEM image of FA, d) X-ray diffraction pattern of the raw fly ash, 
e) TGA and DTG analyses of MEPCM, and f) SEM image of MEPCM. 
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diffraction (XRD) Bruker AXS D8 Advance diffractometer. XRD patterns 
were operated at 40 kV and 40 mA from 10◦ to 70◦ with Cu Ka radiation 
at 25 ◦C. The step size and scanning rate were 0.0200 deg and 2s per 
step, respectively. Diffrac.Eva database was used to interpret phases, 
and the collection codes for mullite and quartz were 85–1460 and 
40–1045. 

2.3.4. Differential scanning calorimetry (DSC) 
DSC by TA Instruments DSC Q200 was employed to assess each 

mixed design’s thermal properties and thermal stability. Each sample 
was equilibrated in an aluminum pan at 20 ◦C, and all experiments were 
performed from 0 to 40 ◦C at a rate of 5 ◦C/min under continuous 50 ml/ 
min N2 gas purge. For the cyclic test, the temperature range was con-
ducted from − 5 to 35 ◦C in the same condition for 100 cycles. 

2.3.5. Thermogravimetric analysis (TGA) 
TGA by TA TGA Q500 Thermogravimetric Analyzer was employed to 

assess the thermal stability and effect of MEPCM on various GPPs at 28 
days. All samples were heated from 30 ◦C to 800 ◦C under continuous 50 
ml/min N2 gas purge and at a ramping rate of 10 ◦C/min. 

2.3.6. Microscopy 
MEPCM were imaged in activator solution and water with a Zeiss 

LSM 700 confocal laser scanning microscope using green color. The 
micromorphology characteristics of GPP-0% and GPP-20% were studied 
using a scanning electron microscope (Quanta FEG 250 Analytical 
ESEM), which was operated with an accelerating voltage of 15 kV and a 
high vacuum chamber with the pressure of 10− 2 Pa. 

2.3.7. Setting time 
The Vicat setting times of GPPs were determined based on ASTM 

C191 by a manual Vicat needle setup. 

2.3.8. Rheological characterization 
Rheological assessments of all mixed designs were performed after 

10 min of mixing and exact printing time to obtain a comparison in the 
same condition and at printing time. To measure the rheological char-
acters of all GPPs, Anton Paar Physica MCR 502 rheometer was used 
with a 25 mm parallel plate system (PP25). The distance between the 
plates was considered 2 mm, so it was at least eight times larger than the 
maximum particle size of the FA (0.211 mm). To maintain the same 
condition for GPPs, the temperature was stable at 23 ◦C utilizing tem-
perature control systems P-PTD200 and H-PTD200. Data were recorded 
with Rheoplus/32 software version 2.65 (Anton PaarGmbH). 

Three-step measurements were conducted. First, the samples were 
subjected to a high oscillatory pre-shearing of %5 strain with a fre-
quency of 1 Hz for the 30s to bring all the samples into a similar 
measuring condition. Then the shear rate ramped from 0.2 to 30 s− 1 in a 
logarithmic trend to measure 20 data points. The shear rate ramped 
down from 30 to 0.2 s− 1 including 20 measurement points with a similar 
logarithmic distribution as in the last step. The descending curve was 
used in this study to analyze the rheological properties of the pastes after 
fitting with the linear Bingham (BH) model by Eq (1): 

τ= τ0 + ηγ (1)  

In this formula, τ is the shear stress (Pa), τ0 is the yield stress (Pa), η is 
the plastic viscosity (Pa⋅s), and γ is the shear rate (s− 1). The correlation 
coefficient (R2) of all plots were above 0.975 which demonstrates that 
the matching degree between the experiment and fitted results in the 
Bingham model was reasonable. 

2.4. Mechanical characterization methods 

Compression and 3-point bending tests were performed for direct 
extrude-based printed and casted pastes of all mixed designs at room 

temperature and curing times of 7, 14, and 28 days. To determine the 
flexural strength of GPPs, Instron 8872 was employed with a 10 kN load 
cell and loadings rate of 0.1 mm/min. The dimension of printed GPPs 
was 20 × 21.6 × 90 mm3 for the 3-point bending test. The 3D printed 
samples were cut into (20 × 20 × 20 mm3) to measure the compression 
test by MTS 312.31A with 250 kN load cell and 0.5 mm/min loadings 
rate. At least six samples for compressive strength and four for flexural 
strength were measured, and the average values were reported. 

2.5. Thermal performance testing 

To investigate the MEPCM effect on the thermal performance of GPP, 
a humidity chamber (Memmert ICH110C) was deployed with a 48-h 
temperature program with a cyclic temperature change in the range of 
15–30 ◦C for every 12 h and 50% constant humidity. In this test, two 
cubic miniature houses with dimensions of 40 × 40 × 40 mm3 and 
thickness of 5 mm were printed with GPP-0 and GPP-20 vol% MEPCM as 
reference houses and PCM houses, respectively. For each miniature 
house, a sensor of temperature recording set up was placed inside the 
house, and a printed roof was stocked with fresh paste. The temperature 
recording device recorded the temperature of those houses every sec-
ond. An infrared camera (OPTRIS PI 640 IR-camera) was utilized to 
monitor the surface temperature of printed miniature houses in another 
cycle in the humidity chamber. 

3. Results and discussion 

3.1. Characterization of fresh different GPPs 

In line with our previous work, the GPPs are classified into three 
categories based on their printability: too flowable (Fig. 3a 1), printable 
(Fig. 3a 2 to 4), and not extrudable (Fig. 3a 5) (Ranjbar et al., 2021). 
Moreover, the printability window as a function of time for all GPPS is 
shown in Fig. 3b. As observed in Fig. 3b, the printing time was reduced 
as the amount of MEPCM in the mixture increased (from GPP-0% to 
GPP-20%) (Alghamdi and Neithalath, 2019). A further point to note is 
that GPP-15% and GPP-20% didn’t have a flowable mode; after mixing 
the paste, they were printable (Romagnoli et al., 2014). To put it another 
way, the more MEPCM mixture there was, the less period mixture could 
be printed. 

Fig. 3b 2,3 and 4 indicate that printing quality decreased gradually 
due to increased rheological properties of the fresh matrices, e.g., yield 
stress and viscosity (Panda et al., 2019). These results indicate that over 
time yield stress and plastic viscosity of all mixtures are increased, and 
through enough time, specimens that are not initially printable can 
become printable, see Fig. 3c, d, and e (Ranjbar et al., 2023; Roussel, 
2018). 

Fig. 3f illustrates the change in GPPs Vicat setting times as a function 
of different amounts of MEPCM. As the amount of MEPCM in the solid 
phase was increased, the initial and final setting times were sped up. We 
speculate that this result is due to water absorption on the surface of 
MEPCM and the surfactant that the supplier used for stabilizing MEPCM 
in the slurry, which reduced the liquid phase in the paste and thereby 
increased viscosity. Due to this, it reduced the speed of geo-
polymerization after the initial stage; as the first decrease in penetration 
depth for all specimens was between 380 and 410 min after mixing, but 
by increasing the amount of MEPCM, initial and final setting times were 
raised up to 18% and 47%, respectively. This phenomenon may impact 
the mechanical properties of GPPs due to the reduction in the speed of 
the geopolymerization process in the hardening stage (Pilehvar et al., 
2019b, 2020a). 

3.2. Microstructures of printed geopolymer with 20% and without 
MEPCM 

In view of the fact that the activator for geopolymers consists mainly 
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of sodium hydroxide with a high pH, the first concern of using micro-
encapsulated PCM is the destruction of the shell and the loss of the core- 
shell structure, like MEPCM with silica shell. Moreover, leaking paraffin 
into the concrete matrix following several cycles of melting and freezing 
would also be undesirable. Since the MEPCM shell used in this study is 
composed of an amino resin-based polymer (melamine-formaldehyde), 
these phenomena were not observed due to the resistance of the amine 
group to alkaline solutions. 

In order to confirm this hypothesis, two solutions of MEPCM in water 
(Fig. 4a) and an activator (Fig. 4b) at a concentration of 1 mg/ml were 
prepared and left for a day at room temperature. The structure of 
MEPCM in the solutions was then imaged and analyzed using a fluo-
rescence microscope. Based on a comparison of Fig. 4a and b, it can be 
seen that the concentrated alkali solution did not destroy the 
morphology of the MEPCM. 

The cross-sectional SEM images of GPP-0% (Fig. 4c and d) and GPP- 
20% (Fig. 4e and f) show after 28 days of printing. As can be seen, there 
is no obvious distinction between GPP-0% and GPP-20% in the geo-
polymer matrix. This fact can be interpreted to be due to the low 
chemical reactivity of melamine-formaldehyde in the shell, which did 
not react with the geopolymer binder under this condition, even though 
MEPCM in GPP-20% may influence the mechanical and thermal prop-
erties. Fig. 4e and f also reveal that the MEPCM retained its spherical 
shape within the geopolymer matrix, suggesting that the MEPCM can 
maintain its structure during the geopolymerization process (Cao et al., 
2018; Pilehvar et al., 2020b). 

3.3. Material and mechanical properties of all printed GPPs 

Three characterization methods were used to characterize MEPCM 

Fig. 3. Properties of fresh, different geopolymer pastes (GPPs) with various amounts of MEPCM; a) visual inspection of different printed modes according to 
printability window b) printability window as a function of time, c) shear stress versus shear rate fitted by Bingham, d) yield stress plot, e) plastic viscosity plot, and f) 
Vicat setting time. 
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ineffectiveness in chemical reactions and geopolymerization processes. 
In the first step, FT-IR analyses were considered for this purpose. Fig. 5a 
demonstrates the FTIR spectra of MEPCM and all GPPs. In the MEPCM 
spectrum, absorbances between 3100 and 3600 cm− 1 represent the 
stretching vibrations of primary amine. The absorptions at 2853, 2921, 
and 2958 cm− 1 corresponded to the C–H stretching vibration in paraffin 
and melamine-formaldehyde. Peaks at 1545, 1492, and 1336 cm− 1 were 
attributed to in-plane triazine ring vibration. The bending vibration of 
C–H was observed at 1465 cm− 1. Furthermore, C–O stretching vibra-
tions were detected at 1156 and 1006 cm− 1, respectively. The peak at 
811 cm− 1 is related to out-of-plane triazine ring vibration (Jiang and 
Liu, 2015; Merline et al., 2013; Wang et al., 2012). 

In GPP-0%, a broad peak at 998 is assigned to the asymmetric 
stretching vibration of Si–O–Si. Stretching and bending vibration of O–H 
groups were revealed at 3450 and 1640 cm− 1 respectively (Ranjbar 
et al., 2015). In GPPs with the MEPCM, as expected, by increasing the 
percentage of MEPCM in the mixed design, the intensity of absorbance 
peaks corresponding to the MEPCM was increased compared to the 
absorbance intensity of peaks corresponding to geopolymer. FT-IR re-
sults indicate that MEPCM does not participate in geopolymerization or 
react with the materials in the mixture, as no new peak is identified. 

In the next step, Thermogravimetric analysis (TGA) on GPPs (Fig. 5b) 
and MEPCM (Fig. 1e) was used to study the influence of MEPCM on 
geopolymer. Also, the derivative thermogravimetry (DTG) of MEPCM 
and all GPPs were shown in Figs. 5c and 1e for a clear designation of the 
temperature borders during various decomposition processes. As 
observed, the first mass loss in the range of 35 ◦C–100 ◦C in TGA and 
peaks in the range of 55 ◦C–75 ◦C in DTG, are corresponded to free water 
in all samples. The procedure of paraffin mass loss began at ~90 ◦C and 
ended at ~250 ◦C. The second peak in DTG between 120 ◦C and 140 ◦C 
is therefore attributable to the decomposition of paraffin wax in the 
MEPCM. Consequently, since the decomposition of melamine- 
formaldehyde occurs at temperatures between 270 ◦C and 420 ◦C, the 
last peaks in the DTG, about 350 ◦C, correspond to the decomposition of 
the shell, as can be seen in Fig. 5c (Djamai et al., 2019; Hao et al., 2022; 
Jiang and Liu, 2015; Parameshwaran et al., 2021). 

Based on the TGA results, it can be concluded that there is no 
interaction between the MEPCM and matrix, as no new peaks exist in the 
pure MEPCM or GPP-0% runs. Finally, qualitative phase analysis of raw 
fly ash and printed GPP-0 and 20% were demonstrated in Fig. 1d and 5d, 
respectively. The results also prove that MEPCM does not affect geo-
polymerization reaction, since no difference in XRD patterns was 

observed between GPP-0% and GPP-20%, as shown in Fig. 5d. 
To study the impact of MEPCM on the mechanical properties of GPPs, 

the compressive strength and flexural strengths were measured 7, 14, 
and 28 days after mixing (Fig. 5e and f). Increasing the percentage of 
MEPCM in the paste leads to having lower compressive and flexural 
strengths. Two factors may explain this trend; first, MECPM has low 
mechanical strength and hardness, which makes it easy to break with 
little force; second, as discussed above, MECPM does not participate in 
geopolymerization and weakly bonds with matrix particles. Moreover, 
microporosity and the gap between the MEPCM and matrix particles 
could also be contributing factors to the reduction in mechanical prop-
erties (Cui et al., 2022b; Pilehvar et al., 2020b). 

According to Fig. 5e, comparing the compressive strength of 7 days 
and 28 days specimens indicates that MEPCM had a lower effect on 
early-age geopolymerization by up to 62% and 44% reduction in 
compressive strength, respectively. The seven-day trend in Fig. 5f il-
lustrates that MEPCM does not significantly affect flexural strengths; in 
other words, values are in the same range. Furthermore, the reduction in 
28 days of flexural strengths was up to 36%, which reveals that MEPCM 
affects flexural strengths less than compressive strength (Pilehvar et al., 
2017; Shadnia et al., 2015; Shahzad et al., 2021). 

It is concluded that, although the compressive strengths of all GPPs 
do not meet load-bearing concrete requirements, however, according to 
ASTM C129-17, non-loadbearing masonry units should achieve 4.14 
MPa compressive strengths, and all samples have compressive strengths 
above that (Hassan et al., 2019a, 2019b). Furthermore, both charts of 
mechanical properties demonstrate that a higher percentage of MEPCM 
caused to decline in the hardening evolution of geopolymer during the 
time, in which 14 days results are getting closer to 7 days instead of 28 
days from GPP-0% to GPP-20%. This is probably because occupied 
spaces of MEPCM in the mixture do not allow geopolymer clusters to 
continue polymerization as fast as the absence of MECPM in geo-
polymer, and thus the presence of MEPCM reduces the process’s speeds. 

3.4. Thermal properties of all materials 

The thermal conductivity of MEPCM and all GPPs at room temper-
ature are summarized in Fig. 6a. As it conveys, there is no significant 
change in various GPPs with the range of 0.50 up to 0.54 W/(m.K), 
although the thermal conductivity of MEPCM was much lower than 
geopolymers by 0.14 W/(m.K). Thus, the thermal conductivity does not 
significantly change when MEPCM is incorporated into a geopolymer 

Fig. 4. Optical images of MEPCM in water and activator (a,b) and SEM images of the fractural surface of printed GPP-0% (c, d) and GPP-20% (e, f) after 28 days.  
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Fig. 5. FT-IR of all materials (a), TGA (b), and DTG (c) of GPPs after 28 days of printing, XRD patterns of GPP-0% and GPP-20%, and compressive strengths (e) and 
flexural strengths (f) of all printed GPPs after 7,14, and 28 days of printing time. 

Fig. 6. Thermal conductivity (a), DSC curves of MEPCM (b) and GPPs (c), and DSC curves of 100 cycles of GPP-20% (d).  
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system up to 20 vol%. Consequently, Integrating MEPCM into geo-
polymer up to 20 vol% does not significantly change the thermal con-
ductivity (Brooks et al., 2022; Hao et al., 2022). Hence, if these materials 
are utilized as construction materials for walls, they will not contribute 
to an increase in heat exchange with the environment or an increase in 
energy loss. Indeed, when the thermal conductivity of building materials 
decreases, less energy is needed to maintain comfortable conditions 
inside the building. 

Additionally, to investigate the thermal performance of GPPs, DSC 
analyses were used to measure the latent heat of each mixed design. The 
DSC curves and results of MEPCM and GPPs after 28 days of printing 
time were demonstrated in Fig. 6b and c and Table 2, respectively. As 
expected, latent heats of GPPs were increased by increasing the per-
centage of MEPCM in mixed designs (Wei et al., 2017). However, they 
did not wholly follow the calculated latent heats of mixed designs, which 
are obtained by Eq (2): 

ΔHcalc =ΔHMEPCM ×
WMEPCM(

WMEPCM + WActivator + WFly ash
) (2)  

Where ΔHcalc, ΔHMEPCM and W represent the GPP latent heat, the 
MEPCM latent heat, and the weight of components in the mixture, 
respectively (Ramakrishnan et al., 2015). This unfitting may have two 
reasons: first, after 28 days, some water in the activator is evaporated 
and WActivator should be smaller than the initial value, second, specimens 
are not a perfectly homogeneous mixture, because of its nature(Para-
meshwaran et al., 2021). 

Furthermore, the thermal cyclic test was conducted to ensure that 
MEPCM would remain unchanged over the course of day and night. 
Fig. 6d illustrates the DSC curve of GPP-20% from the first to the 100th 
cycle. Based on these curves, the MEPCM retains its structure in the 
geopolymer structure when temperatures are cycled, if the shells of 
MEPCM had been torn, the DSC results would be changed after 100 
cycles (Gencel et al., 2022b). 

Finally, the thermal properties of GPP-20% were compared to those 
of previous studies, as shown in Table 3. 

3.5. Thermal performance of printed GPP-20% 

To show the effect of MEPCM in GPPs as a function of thermal per-
formance, in the first step, the surface temperature of two miniature 
printed houses was studied. Those Houses (printed by GPP-0% as a 
reference and GPP-20% as a PCM house) were analyzed in a humidity 
chamber with a rising temperature program from 15 to 30 ◦C in 30 min 
and 60 min of standing temperature at 30 ◦C (heating process). 

Later, an IR camera was applied to monitor the surface temperature 
of houses; see Fig. 7a and Video S1. Fig. 7b demonstrated that the GPP- 
0% house surface changing temperature was lower than the environ-
ment temperature. This observation is mainly because of the heat ca-
pacity of geopolymer during this fast temperature increase. 
Interestingly, the GPP-20% house indicated much lower environmental 
temperature sensitivity; Even the temperature difference between this 
house and the GPP-0% house was extremely considerable (the maximum 
temperature difference was 3.2 ◦C), see Fig. 7c. This difference is mainly 
due to the absorbing latent heat of MEPCM during the melting point of 
around 21 ◦C. 

This study also was done as a cooling process by decreasing tem-
peratures from 30 to 15 ◦C in 30 min and then resting for 70 min at 
15 ◦C, See Video S2. Fig. 7d indicates the moment of the maximum 
temperature difference of those houses during the cooling process. Ac-
cording to Fig. 7e and f, the maximum temperature difference in this 
cycle was about 3.6 ◦C. This difference in maximums in cooling and 
heating processes is subjected to the difference in the melting and so-
lidification profile of MEPCM, mainly due to the supercooling phe-
nomenon of paraffin wax, and also can be observable in DSC curves 
(Mohseni et al., 2020; Ren et al., 2020). 

For simulating temperature changes during the day and illustrating 
the effect of MEPCM on temperature regulation of the miniature printed 
house, a temperature cycle from 15 to 30 ◦C was considered. Accord-
ingly, at first in the humidity chamber, the temperature was increased 
from 15 to 30 ◦C in 12 h as a function of daytime and then was reduced 
from 30 to 15 ◦C as a function of the night; see Fig. 7g, h, and i. As 
witnessed, the GPP-0% house completely follows the temperature pro-
gram, while the GPP-20% house does not follow the temperature pro-
gram in the time range of 300–600 min during the heating and 
1000–1300 min during the cooling processes. 

As a result, the temperature difference between the two houses 
reaches 1.2 ◦C in both the melting and solidification ranges of MEPCM 
during the cycle, notwithstanding that the walls in both houses were just 
0.5 cm (Athukorallage et al., 2018; Essid et al., 2022). Consequently, 
within the rising environment temperature, MEPCM can prevent a 
temperature rise in the house by absorbing energy during the melting 
process (between 21 ◦C and 26 ◦C) and can prevent a temperature drop 
during falling environment temperature by releasing energy through the 
solidification process (between 19 ◦C and 24 ◦C). Since the speed of 
changing temperature in this simulation is much slower than in previous 
cycles, the difference in melting and solidification profiles was not 
observed. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jclepro.2023.138005 

4. Conclusion 

The research findings presented in this study contribute to the sci-
entific value and application for 3D printing of geopolymer matrices 
incorporated with MEPCM. The conclusions drawn from the study are as 
follows:  

• Increasing the amount of MEPCM in the geopolymer paste enhanced 
its yield stress and viscosity, resulting in a shift in the printability 
window. Additionally, higher percentages of MEPCM led to longer 
final setting times, with a 20-vol% MEPCM addition increasing the 
final setting time by up to 50%. 

Table 2 
Calculated latent heat and results of DSC analyses of MEPCM and all GPPs.  

Mixed design ΔHcalc (J/g) ΔHexp (J/g)1 Tm (◦C) Tpeak (◦C) 

MEPCM – 139.2 ± 2.1 19.79 ± 0.21 25.17 ± 0.38 
GPP-0% – 0 – – 
GPP-5% 2.20 ± 0.03 2.62 ± 0.03 20.95 ± 0.05 23.01 ± 0.04 

GPP-10% 4.44 ± 0.07 4.84 ± 0.21 20.95 ± 0.01 23.18 ± 0.01 
GPP-15% 6.72 ± 0.10 7.14 ± 0.22 21.23 ± 0.02 23.44 ± 0.04 
GPP-20% 9.04 ± 0.14 10.01 ± 0.22 21.20 ± 0.06 23.87 ± 0.02 

ΔHexp represents the latent heat of samples obtained from the DSC curve.  

Table 3 
Thermal properties comparison of PCM integrated into geopolymer.  

PCM in 
solids 

ΔHexp 

(J/g)1 
Tm (◦C) Thermal 

conductivity (W/(m. 
K)) 

Reference 

30 vol% 11.37 23.7 – Ramakrishnan et al. 
(2021) 

30 wt% 6.57 18.30 0.375 Gencel et al. 
(2022a) 

20 vol% 6.40 19.8 0.84 Haily et al. (2023) 
16 wt% 24.74 27.27 0.51 Fang et al. (2023) 
20 vol% 10.01 ±

0.22 
21.20 ±

0.06 
0.499 ± 0.01 This study  
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• MEPCMs demonstrated structural stability and resistance to the 
highly alkaline environment of geopolymerization. They did not 
participate in the chemical reaction of geopolymerization. However, 
the presence of MEPCM caused a decrease in the hardening evolution 
over time and resulted in a reduction of mechanical strength by 
approximately 60% in compressive strength tests after 28 days.  

• The incorporation of MEPCM in the geopolymer matrix significantly 
improved thermal performance. The GPP with an additional 20 vol% 
MEPCM exhibited a latent heat of 10.01 ± 0.22 J/g. Notably, the 
thermal conductivity of the geopolymers was only slightly reduced 
by approximately 4%.  

• Thermal cyclic testing revealed the stability of the MEPCM- 
incorporated geopolymer, as no significant changes were observed 
during temperature cycling, even after 100 cycles. 

Future studies should focus on enhancing the mechanical perfor-
mance of MEPCM-incorporated geopolymer. One potential avenue is 
exploring modifications to the MEPCM shell, such as incorporating silica 
to improve bonding with the geopolymer matrix. Additionally, opti-
mizing the geopolymer composition may yield improvements in me-
chanical properties. Lastly, it is crucial to enhance the scaling up of 

MEPCM production in the construction sector. These areas warrant 
further investigation to expand the potential of MEPCM-incorporated 
geopolymer materials. 
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